Introduction
Ethanol fermentation has been extensively investigated for the microbial production of chemical and energy sources.6'7* Recent studies have been focused on the development of innovative technologies which include the maintenance of high cell concentration by recycling, filtrating and immobilizing of cells, 2'10'17) and the breeding of yeast strains tolerant to high ethanol concentration.4) Nevertheless, ethanol inhibition to microorganisms of interest may be an unavoidable problem in the fermentation process. To achieve high ethanol productivity, generally it is essential to get rid of ethanol inhibition. A potential strategy is a fermentation system under reduced pressure to strip off ethanol from the broth.1'12) An alternative system is a combination of the microbial fermentation process and a physical unit operation such as solvent extraction and solid support adsorption. Wanget al. 18 ) demonstrated the ethanol removal system with 1-decanol as an extractant and activated carbon as an adsorbent. Minier and Goma9) performed ethanol fermentation associated with liquid-liquid extraction by 1-dodecanol (or a mixture of 1-dodecanol and 1-tetradecanol) using immobilized yeast cells. However, these extractants had only small partition coefficients for ethanol below about 0.35, which is extremely disadvantageous Received November 9, 1985 . Correspondence concerning this article should be addressed to T. Kobayashi. 268 to the separation efficiency of the solute. Success in extractive fermentation depends exclusively on the properties of the extracting solvent selected, and thus it is desirable that a candidate for extractant exhibits larger partition coefficient and lower toxicity to the microorganism. To date, unfortunately, such an extracting solvent has been unavailable for ethanol fermentation.
In our previous papers,5 '16) we reported butanol production in an extractive fermentation system using Clostridium acetobutylicum, and indicated that oleyl alcohol possessed a large partition coefficient against butanol (about 4.3) as an extractant nontoxic to the microorganism. In the present study, we examined the ability of several organic solvents to extract ethanol, and found that phenol derivatives had relatively large partition coefficients though they were toxic to ethanol-producing yeast strains. As the protective effects of some plant oils against the, solvent toxicity were observed, an extractive fermentation system was developed by using immobilized growing yeast cells. (mixture of soybean and rapeseed oils, a product of Hohnen Oil) was commercially available. The other organic solvents used as extractants were the same as those reported previously.5)
The other chemicals used were of reagent grade.
Results

Inhibitory effect of ethanol on S. cerevisiae and fusant PN13
In the previous paper,15) we performed protoplast fusion between S. cerevisiae and K. lactis for the purpose of effectively producing ethanol from lactose.
As a result, strain PN13 was screened as a stable and prominent fusant which could ferment lactose rapidly.
In the present study, ethanol tolerance was compared amongthe fusant and parent strains as shown in Fig. 1 . The amounts of sugars consumed (glucose for S. cerevisiae and lactose for K. lactis or strain PN13) were used as an indicator of fermentation progress. S. cerevisiae could consume glucose completely below the initial ethanol concentration of 60kg/m3. On the other hand, strain PN13 as well as K. lactis exhibited only 30%of lactose consumption at the initial ethanol concentration of 40 kg/m3. Thus, it was found that the fusant underwent an inhibitory effect ofethanol similar to that of the parent, K. lactis. In any case, ethanol concentration of more than 100kg/m3 inhibited the fermentation progress thoroughly, irrespective of yeast strain.
Selection of extracting solvents for ethanol
For the screening of extractant suitable to the ethanol fermentation, 12 organic solvents were checked on the basis of the partition coefficients of ethanol between solvent and water, -and toxicities to the free yeast cells (S. cerevisiae and strain PN13). Under equilibrium at 30°C, the coefficient m was evaluated and is presented in Table 1 . Among the solvents tested, the phenol derivatives o-terZ-butylphenol (OTBP) and o-isopropylphenol (OIPP) had the highest partition coefficients for ethanol (ra= 1.4), but they showed drastic toxicities to the microorganisms. Onthe other hand, the aliphatic alcohols of carbon number above 10 such as 1-decanol, oleyl alcohol, and Guerbet alcohol (branched-chain alcohol of carbon number 20) hardly inhibited the microbial activities. Unfortunately, however, these nontoxic solvents possessed only low partition coefficients (m=0.1 -0.39). The solvent emulsibilities were also evaluated as shown in Table 1 . Although OIPP and OTBPwere emulsible, they were easily separable from aqueous phase by standing for about half an hour without shaking. These emulsibilities were not so troublesome because ethanol fermentation usually requires no agitation of broth. Figure 2 shows the equilibrium partition curve of ethanol between water and OTBPwhich was mainly investigated in subsequent experiments. In the range of ethanol concentrations examined, the curve could be regarded as a straight line with a slope of 1.4, which agreed with the partition coefficient estimated in Table 1. 2.3 Protective effects of plant oils against toxicities of OIPP and OTBP To develop the extractive fermentation system using OIPP and OTBP, the toxicity of the solvents to the yeasts should be overcome. Wetried to immobilize the cells of S. cerevisiae or strain PN13within the alginate gel, but the results were unsuccessful. After various trials, the plant-derived oils (castor, olive, tung oils, etc.) in the alginate gel were observed to protect the yeasts from the toxicity of the solvents.
The protective effects of the various oils against the toxicities ofOIPP and OTBPare presented in Table 2 .
The amounts of ethanol produced after 24h for S. cells were inhibited by OIPP and OTBPsimilarly to the free cells; in the gels without the plant oils, strain PN13 produced 0.5, 0.2 and 3.6kg/m3 ethanol in the medium containing OIPP, OTBP and no solvent, respectively. In the presence of tempura, olive and castor oils, on the other hand, the amounts ofethanol produced by the fusant were increased to about 3kg/m3 ethanol even in the medium with OTBP, which was comparable to those in the absence of the solvents (3.1-3.6kg/m3 ethanol). However, the resumption of ethanol productivity was insufficient in the OlPP-containing medium (1.2-1.5 kg/m3 ethanol in the gels with tempura, olive and castor oils). In the fermentations using the immobilized cells of S. cerevisiae, circumstances similar to the case of strain PN13were observed, and the above plant oils prevented the yeast's ethanol productivity from being lowered by OTBPtoxicity. Concerning S. cerevisiae, tung oil Exhibited a significant protective effect against the toxicity of OTBP, but the protection was not so effective with respect to strain PN13.
Regarding the four plant oils mentioned above, the partition" coefficients for ethanol, toxicities to the yeasts and emulsibilities in aqueous phase were also examined ( Table 1) . Their abilities of ethanol extraction were very small and their own toxicities were negligible, compared with those of the other solvents. Castor and tung oils were easy to emulsify in aqueous phase, which was advantageous to the preparation of immobilized gels containing these oils. Based upon the facts described above, the extractive fermentations where OTBPand castor oil were used as an extractant and as a protector, respectively, were investigated in detail. Fermentation conditions were same as those shownin Table 2 except that fermentation time for strain PN13 was 35h.
or above was required to suppress satisfactorily the inhibitory effect by OTBP, whereas significant protection was observed for an oil content of more than 5%(v/v) in the case of the immobilized S. cerevisiae. Taking account of full protection, a castor oil content of 20% (v/v) was mainly employed in subsequent experiments.
Extractive fermentation tests with immobilized yeast cells
Resumption of the yeast cell' s activities in the medium containing ethanol of inhibitory level was confirmed by removing ethanol from broth during fermentations associated with the liquid-liquid extraction by OTBP. Figure 3 shows the fermentation results using gel beads with S. cerevisiae (Fig. 3A) and strain PN13 (Fig. 3B) . In both cases, ethanol was little formed in the absence of OTBP.In the fermentation with solvent addition (solvent phase:aqueous phase= 1 : 1 (v/v)), on the other hand, the activities of the yeasts were resumed by ethanol extraction from the broth, and ethanol was produced. As shown in Fig. 4 , the protective effect of castor oil and ethanol productivities did not change substantially for either yeast, even after the sixth repeated use of the gel beads.
Discussion
In recent years, the extractive fermentation system has drawn interest because the system makes it possible to remove an inhibitory fermentation product from broth by in situ liquid-liquid extraction and to recover the product with ease. The most important characteristic required for an extracting solvent is that it dissolve a solute preferentially, indicating that the extractant has a partition coefficient of more than unity at least. In the previous paper,5) we reported the extractive fermentation of acetone and butanol, and demonstrated that oleyl alcohol was excellent as an extracting solvent because of its large partition coef- (Tables 2 and 3 ) and these effects were maintained through several repeated uses of the gels (Fig. 4) .
Although the detailed mechanism of the protective function remains unknown,preferential absorption of OTBPby the oil may possibly occur and prevent the solvent from contacting the yeast cells directly. tations using tributyl phosphate, 3-phenyl-l -propanol and 2-octanol (which had the partition coefficients of 0.79, 0.77 and 0.60, respectively) as extractants. In the case of microbes moresensitive to solvent toxicity (for example, strain PN13 in the present study), therefore, the combination of solid and liquid protectors such as Propack Q and castor oil mayenable us to achieve a more effective extractive fermentation system.
Conclusion
1) The fermentation activities of S. cerevisiae and lactose-fermentable fusant PN13 were inhibited by ethanol, and the latter strain was moresensitive to OTBPwere found to have a large partition coefficient of 1.4, indicating a greater ethanol-extracting capacity.
3) Both solvents exhibited a toxic effect on the above strains, which was disadvantageous to their usage as extractant.
4) Plant-derived oils such as castor oil were fully protective agents against the solvent (especially OTBP) toxicities to the yeasts. ethanol of inhibitory levels because of the alcohol extraction by OTBP.
6) The protective effect of castor oil was maintained through several times of gel bead reuse.
